Proper regulation of cell death signaling is crucial for the maintenance of homeostasis and prevention of disease. A caspaseindependent regulated form of cell death called necroptosis is rapidly emerging as an important mediator of a number of human pathologies including inflammatory bowel disease and ischemia-reperfusion organ injury. Activation of necroptotic signaling through TNF signaling or organ injury leads to the activation of kinases receptor-interacting protein kinases 1 and 3 (RIP1 and RIP3) and culminates in inflammatory cell death. We found that, in addition to phosphorylation, necroptotic cell death is regulated by ubiquitination of RIP1 in the necrosome. Necroptotic RIP1 ubiquitination requires RIP1 kinase activity, but not necroptotic mediators RIP3 and MLKL (mixed lineage kinase-like). Using immunoaffinity enrichment and mass spectrometry, we profiled numerous ubiquitination events on RIP1 that are triggered during necroptotic signaling. Mutation of a necroptosis-related ubiquitination site on RIP1 reduced necroptotic cell death and RIP1 ubiquitination and phosphorylation, and disrupted the assembly of RIP1 and RIP3 in the necrosome, suggesting that necroptotic RIP1 ubiquitination is important for maintaining RIP1 kinase activity in the necrosome complex. We also observed RIP1 ubiquitination in injured kidneys consistent with a physiological role of RIP1 ubiquitination in ischemia-reperfusion disease. Taken together, these data reveal that coordinated and interdependent RIP1 phosphorylation and ubiquitination within the necroptotic complex regulate necroptotic signaling and cell death.
Regulated cell death has a critical role in development and homeostasis in metazoans. 1 Abnormalities in cell death pathways have been linked to a variety of human diseases including cancer, neurodegeneration, tissue damage and immune disorders. 2 Apoptosis is the best-known form of regulated cell death and it relies on the activation of cysteine proteases called caspases. 3 Necroptosis is an alternative form of regulated cell death, which has recently been linked to various human health conditions. 4 Unlike apoptosis, necroptosis occurs when caspases are inhibited and it involves activation of receptorinteracting protein kinase 1 (RIP1; RIPK1) and receptorinteracting protein kinase 3 (RIP3; RIPK3). 5 Necroptosis can be initiated by TNFα (tumor necrosis factor α) and a few related TNF family ligands, TLR3 and 4 (toll-like receptors), tissue damage or certain viruses. 6 TNF binding to TNF receptor 1 (TNFR1) can activate nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling by recruiting the E3 ligases c-IAP1 and 2 (cellular inhibitors of apoptosis 1 and 2) and their substrate RIP1. 7 Ubiquitination of RIP1 and the c-IAPs nucleates the formation of receptor-associated signaling complex-I, which includes the IKK (inhibitor of κB kinase) complex and LUBAC (linear ubiquitin chain assembly complex). [7] [8] [9] [10] [11] Assembly of diverse ubiquitin chain linkages on RIP1 is postulated to facilitate the retention of RIP1 within complex-I. 8, 12, 13 In addition to stimulation of NF-κB and MAPK signaling, TNF can also trigger cell death by inducing the formation of cytoplasmic apoptosis and necroptosis-inducing complexes IIa and IIb. 5, 14 Complex IIa promotes caspase-8 activation, whereas complex IIb (also called the necrosome) forms when caspase-8 is inhibited and involves RIP1mediated recruitment of RIP3, leading to the activation of RIP3 kinase activity. 5 RIP3 phosphorylates pseudokinase mixed lineage kinase-like (MLKL) prompting MLKL oligomerization, membrane translocation and cell rupture. [15] [16] [17] [18] Diverse necroptotic stimuli converge on the activation of RIP1 and RIP3 kinases. 5, 19, 20 Thus, it is not surprising that necroptotic cell death signaling can be regulated through the modulation of RIP1 and RIP3 kinase activities. 21 However, additional pathway regulation can be accomplished by other post-translational modifications such as ubiquitination. 22 Ubiquitination, a process by which proteins are covalently modified with the protein ubiquitin, can regulate protein stability, subcellular localization or stimulate various signaling pathways. 23 On the one hand, TNF-induced NF-κB signaling is a prime example of a signaling pathway that is tightly regulated by ubiquitination mediated by c-IAP proteins and LUBAC. 14, 24 On the other hand, TNF-mediated apoptotic cell death is only indirectly affected by ubiquitination because it requires deubiquitination of RIP1. 25 Contrary to apoptosis, necroptotic cell death signaling involves the ubiquitination of key necroptosis components. [26] [27] [28] [29] In this study, we have examined the functional significance of necroptotic RIP1 ubiquitination. We have established the critical role of RIP1 kinase activity for RIP1 ubiquitination in cells undergoing necroptosis. Using an antibody that selectively recognizes phosphorylated RIP1, we show concomitant phosphorylation and ubiquitination of RIP1 within the necrosome complex. Analyses of these ubiquitination events using immunoaffinity enrichment and mass spectrometry revealed multiple endogenous ubiquitination events that are specific to necroptotic signaling. Mutation of the K115 ubiquitination site on RIP1 reduced necroptotic cell death, RIP1 phosphorylation and proper necrosome assembly, suggesting that necroptotic RIP1 ubiquitination has an important role in maintaining RIP1 kinase activity in the necrosome complex. Finally, RIP1 ubiquitination was also observed in the kidneys of mice following renal injury consistent with a physiological role for this post-translational modification of RIP1 in ischemiareperfusion disease.
Results
Necroptotic RIP1 ubiquitination occurs in the absence of MLKL or RIP3. TNF signaling triggers RIP1 ubiquitination within TNFR1-associated signaling complex I, which has an important role in the activation of NF-κB and MAPK signaling, leading to proinflammatory gene expression. 7, 8 TNF can also trigger the formation of cell death-promoting apoptotic and necroptotic protein complexes. 7 Interestingly, RIP1 was found to be ubiquitinated during necroptotic signaling in human and mouse cells. 26 We have confirmed those findings and show that induction of necroptosis in human HT29 cells by the combination of TNF, pancaspase inhibitor zVAD and IAP antagonist BV6 (TBZ) stimulates RIP1 ubiquitination within the necrosome, whereas induction of apoptosis does not (TNF plus BV6, TB treatment) ( Figure 1a and Supplementary Figure S1A ). We have further analyzed the assembly of necroptotic cell death complex in HT29 cells treated with TBZ for 1, 2 and 4 h by using gel filtration analysis ( Figure 1b ). Stimulation of cells with TBZ triggered translocation of RIP1, RIP3, caspase-8, FADD (Fas-associated death domain) and MLKL to large multiprotein complexes, which was accompanied by RIP1, RIP3 and MLKL phosphorylation ( Figure 1b ). Furthermore, accumulation of phosphorylated RIP1 coincided with RIP1 ubiquitination (Figure 1b ), suggesting that these two post-translational modifications of RIP1 overlap in the necroptotic signaling complex.
Given that the kinase RIP3 and pseudokinase MLKL have critical roles in mediating necroptotic cell death (Supplementary Figure S1B ), we explored their relevance for RIP1 ubiquitination. Treatment of wild-type (WT), Mlkl −/− -or Rip3 −/− -immortalized mouse embryonic fibroblasts (MEFs) with the necroptotic stimulus TBZ triggered comparable RIP1 ubiquitination ( Figure 1c ). Furthermore, investigation of the necrosome in MEF cells also revealed comparable RIP1 ubiquitination in the necroptotic complex containing RIP3 and FADD in WT, Mlkl −/− or Rip3 −/− MEFs (Supplementary Figure S1C ). Conversely, ectopic expression of RIP3 in human HT1080 cells, which normally do not express RIP3, did not affect TBZ-induced RIP1 ubiquitination (Supplementary Figure S1D ). In addition, treatment of HT29 cells with the RIP3 kinase inhibitor GSK843 did not affect TBZ-stimulated RIP1 ubiquitination and phosphorylation, but it blocked MLKL phosphorylation, thus confirming the antinecroptotic activity of GSK843 ( Figure 1d ). Finally, knockdown of RIP3 or MLKL in HT29 cells did not obstruct TBZ-induced RIP1 ubiquitination either (Supplementary Figure S1E) . Thus, necroptosisinduced RIP1 ubiquitination does not require execution of necroptotic cell death.
RIP1 kinase activity regulates ubiquitination of RIP1 in necroptosis.
To investigate the importance of RIP1 kinase activity for necroptotic RIP1 ubiquitination, we treated HT29 cells with TBZ in the presence of different RIP1 kinase inhibitors (Nec-1, Nec-1Cl and Nec-4). Treatment with these necrostatin compounds prevented TBZ-induced RIP1 phosphorylation and ubiquitination (Figure 2a ). Inactivation of RIP1 kinase activity prevents the execution of necroptotic cell death without affecting TNF-stimulated NF-κB and MAPK activation (Figures 2b-e and Supplementary Figure S2A ). 21 Following TBZ treatment, we observed RIP1 ubiquitination in primary macrophages isolated from WT animals but not from Rip1 KD/KD knock-in mice expressing catalytically inactive RIP1 D138N (Figure 2b) . Similarly, induction of necroptosis triggered K63-and linear chain-linked RIP1 ubiquitination in WT immortalized MEFs, whereas it was greatly reduced in Rip1 KD/KD cells (Figure 2e ). Given that inactivation or inhibition of RIP1 kinase activity blocks association of RIP1 with RIP3 and caspase-8 into the necrosome complex ( Supplementary Figures S2B and C) , 30, 31 these data are consistent with the critical importance of RIP1 kinase activity for its necroptotic ubiquitination in the necrosome.
Furthermore, by examining the caspase-8-associated necrosome complex, we observed concomitant recruitment of phosphorylated and ubiquitinated RIP1 into the necroptotic complex ( Figure 2f ). Interestingly, the appearance of phosphorylated RIP1 in cellular lysates coincided with recruitment of phosphorylated RIP1 into the necrosome (Figure 2f ). However, TNF alone, or in combination with BV6 to induce apoptosis, did not stimulate RIP1 phosphorylation or association of phosphorylated RIP1 with caspase-8 ( Figure 2f ). The appearance of phosphorylated RIP3 in the necrosome and consequent MLKL phosphorylation were delayed relative to RIP1 phosphorylation (Figures 2f and 1b) , indicating that RIP1 phosphorylation in the necrosome precedes the activation of RIP3 kinase activity. Collectively, these data suggest that phosphorylation and ubiquitination of RIP1 coincide with its engagement in the necrosome, leading to recruitment and activation of RIP3 and execution of necroptotic cell death. Figure 3a ). After applying defined treatment conditions, protein lysates were proteolytically digested into peptides. Ubiquitinated peptides with the diglycine remnant were subsequently enriched by anti-K-ε-GG antibody and MS analysis was performed to acquire site-specific ubiquitination events under each condition. In total, 410 000 unique K-GG peptides were identified from 4101 000 K-GG peptide spectral matches (PSMs) with false discovery rates of 0.23% and 1.92% at the PSM and protein level, respectively (Supplementary Table 1 ). Each PSM was quantified by the peak area under the curve and summarized to the protein level using a linear mixed-effect model (Supplementary Table 2 ). Cotreatment with TBZ increased ubiquitination of a set of proteins, including RIP1, caspase-8, TNFAIP3-interacting protein 1 (TNIP1) and E3 ubiquitin-protein ligase TRIM31 (Figure 3b ). Interestingly, adding Nec-1 or removing zVAD from the TBZ treatment group overall has a similar effect (Figure 3c , Pearson's correlation score: 0.830), but RIP1 and caspase-8 showed significant changes. In the conditions explored in this experiment, RIP1 ubiquitination was significantly increased after adding TNF for 15 min (log 2 ratio = 2.68 versus control, P-value: 0.004), whereas BV6 reduced TNF-induced RIP1 ubiquitination (log 2 ratio = 1.42 versus control, P-value: 0.071) (Figures 3d and e ). Interestingly, we observed an increase in RIP1 ubiquitination following the addition of zVAD, suggesting potentially different ubiquitination machinery for RIP1 ubiquitination during necroptosis. Importantly, inhibiting RIP1 kinase activity by Nec-1 effectively reduced its ubiquitination in the TBZ treatment group (log 2 ratio = 1.66 versus control, P-value: 0.047), indicating RIP1 ubiquitination during TBZ-induced necroptosis is kinase dependent. To our surprise, Lys115 (K115), one of the ubiquitin conjugation sites on human RIP1, appeared to be differentially regulated compared with the other sites identified on RIP1 (Figures 3d and e ). On the one hand, TNF had a minimal effect on K115 ubiquitination level (log 2 ratio = 0.28 versus control). On the other hand, BV6 and zVAD treatment in the presence of TNF promoted K115 ubiquitination, which was prevented by Nec-1 treatment (log 2 ratio = 1.39, 2.39 and 0.49 versus control, respectively) (Figures 3e and f). We analyzed all Lys sites identified from these experiments and found evolutionarily conserved K115 to be conjugated only in necroptotic conditions (Figures 3f and Supplementary Figure S3B ). These data suggest that ubiquitination on Lys115 may be linked with necroptotic cell death and mechanistically different from other RIP1 sites.
Mutation of K115 RIP1 ubiquitination site does not affect inherent RIP1 kinase activity. Lys115 of human RIP1 is located in the kinase domain and structural modeling placed it in the C-terminal portion of kinase domain, away from the active site hinge region (Figure 4a ). We purified recombinant kinase domains of RIP1 WT and K115R mutant and assessed their kinase activity in vitro. Both WT and K115R RIP1 kinase domain proteins had comparable kinase activity and were inhibited by RIP1 kinase inhibitors Nec-4 and Nec-1Cl to similar extents (Figure 4b ). In addition, thermal stability of WT and mutated RIP1 proteins were very similar, suggesting that the biophysical properties of the tested proteins were not changed with the K115R mutation ( Figure 4c ).
Next, we investigated the effect of the K115R mutation on the full-length RIP1 protein. Ectopic expression of WT, K115R or other lysine-to-arginine mutant RIP1 constructs (identified in our mass spectrometry experiments or previously reported in the literature) showed comparable kinase activity (Figure 4d ). To further explore the kinase activity of the RIP1 ubiquitination site mutant, full-length recombinant RIP1 kinase WT, kinase-dead (KD) mutant D138N and K115R were transiently expressed and purified from insect cells (Figure 4e ). WT and K115R were phosphorylated to similar degrees upon purification (Figure 4e ) and displayed similar kinase activity as measured by an ADP-Glo assay (Promega, Madison, WI, USA) ( Figure 4f ). Therefore, mutation of K115 residue to R does not affect inherent RIP1 kinase activity.
Necroptotic RIP1 ubiquitination regulates necroptotic cell death signaling. To examine the role of RIP1 ubiquitination for necroptotic signaling, we generated HT29 cells with deletion of RIP1 using the CRISPR/Cas9 system. HT29 RIP1-knockout cells were resistant to TBZ-induced necroptosis, thus functionally validating RIP1 ablation (Figure 5a ). 31 Introduction of WT RIP1, but not of KD or K115R RIP1 constructs restored TBZ-stimulated necroptotic cell death in reconstituted HT29 cells (Figures 5a and b ). K115R RIP1 mutant was inefficient in mediating necroptotic cell death in HT29 cells and, similarly, reconstitution of immortalized Rip1 −/− MEFs with K115R or KD RIP1 versions abrogated necroptosis in mouse cells (Supplementary Figure S4A) . Furthermore, TBZ-stimulated K63-and linear chain-linked ubiquitination of K115R RIP1 was greatly diminished compared with WT RIP1 (Figure 5c ). At the same time, TNF stimulated RIP1 ubiquitination and activation of NF-κB and MAPK signaling, as well as TB-induced apoptotic cell death and caspase-8 processing, was comparable in HT29 or MEF cells reconstituted with K115R or WT RIP1 (Figures 5d-f and Supplementary Figures S4A-D) .
Next, we examined if K115R RIP1 could mediate RIP1 phosphorylation during necroptotic signaling. Stimulation with TBZ resulted in robust RIP1 phosphorylation in cells expressing WT RIP1 (Figure 5b ). As expected, HT29 cells expressing a KD version of RIP1 did not mediate any RIP1 phosphorylation ( Figure 5b) . Interestingly, HT29 cells that expressed K115R RIP1 mutant displayed greatly reduced and delayed TBZ-induced RIP1 phosphorylation (Figure 5b ). We also investigated whether K115R RIP1 is recruited into the necrosome and found that K115R protein associates with caspase-8 following TBZ treatment (Figure 6a ). However, K115R RIP1 found in the necrosome is not phosphorylated, and it is present in reduced amounts compared with WT RIP1 (Figure 6a ). Consequently, phosphorylated RIP3 was also found in the complex with WT RIP1 but not K115R RIP1 (Figure 6a ). As a consequence of reduced RIP1 phosphorylation and deficient phospho-RIP3 recruitment, we also observed greatly reduced MLKL phosphorylation in K115R RIP1-expressing cells compared with WT RIP1-expressing HT29 cells (Figures 5b and 6a) . We have additionally investigated the assembly of necroptotic cell death complexes in RIP1-null HT29 cells expressing vector, WT or K115R RIP1 by using gel filtration (Figure 6b ). Expression of WT RIP1 allowed efficient translocation of ubiquitinated and phosphorylated RIP1, as well as phosphorylated RIP3 and MLKL, into large protein complexes (Figure 6b ). On the other hand, expression of K115R RIP1 prohibited accumulation of ubiquitinated and phosphorylated RIP1, RIP3 and MLKL (Figure 6b) .
Thus, abrogation of necroptotic RIP1 ubiquitination disrupts RIP1 phosphorylation, which is essential for necroptotic cell death. Finally, we investigated the ability of WT or K115R RIP1-expressing HT29 cells to mediate secretion of necroptosis-associated inflammatory DAMP HMGB1. Figure S4E ). Therefore, these data suggest that necroptotic ubiquitination allows accumulation of phosphorylated RIP1 and RIP3 and stabilizes RIP1 in the necrosome, thus allowing efficient RIP1 kinase activity and mediation of necroptotic signaling.
RIP1 ubiquitination in kidneys undergoing ischemiareperfusion injury. Previous work by Andreas Linkermann and a recent study from our group have demonstrated the importance of RIP1 kinase activity in ischemia-reperfusion kidney injury. 32, 33 We have investigated kidney damage following ischemia-reperfusion injury (IRI) by examining the blood serum creatinine and blood urea nitrogen (BUN) levels 24 h following the procedure (Supplementary Figure S5A) . We observed high BUN and creatinine levels in a couple of animals 24 h postprocedure (Supplementary Figure S5A ). Kidneys harvested from tested animals were dissolved in lysis buffer and examined by western blotting (Supplementary Figure S5B ). Interestingly, we observed noticeable RIP1 ubiquitination in a couple of 24 h kidney samples that also showed high levels of BUN and creatinine ( Supplementary Figures S5A and B) . Kidney sections from the 24 h group were stained with hematoxylin and eosin to evaluate the extent of tissue damage. Sections that had high levels of BUN and creatinine (samples 4 and 6) showed prominent RIP1 ubiquitination as well as extensive necrotic areas (Supplementary Figure S5C ), suggesting that RIP1 ubiquitination occurs in damaged kidneys that undergo IRI.
Discussion
Precise regulation of post-translational protein modifications have an important role in fine-tuning many cellular processes such as cell division, proliferation and survival. Phosphorylation, ubiquitination, sumoylation and neddylation of a number of cell death regulators have been reported to be critical for the execution or inhibition of cellular death. 25, 34 Necroptosis is a regulated form of cell death that relies on the kinase activity of RIP1 and RIP3. 5, 19, 35 Although the phosphorylation of RIP1 and RIP3, as well as of the RIP3 substrate MLKL, is well documented and studied, the roles of other post-translational modifications in this pathway are less understood. Two recent studies reported necroptotic RIP1 and RIP3 ubiquitination, but the functional role of these ubiquitination events during necroptotic signaling was not clear. 26, 27, 29 Here we provide evidence that necroptotic RIP1 ubiquitination is relevant for the execution of necroptotic cell death. However, necroptotic cell death is not required as necroptotic RIP1 ubiquitination occurs in the absence of necroptotic executors RIP3 and MLKL or when RIP3 kinase activity is inhibited. Instead, RIP1 ubiquitination takes place in the necrosome complex independent of RIP3. Interestingly, necroptotic RIP1 phosphorylation and ubiquitination seem to be tightly coordinated: inhibition or absence of RIP1 kinase activity blocks necroptotic RIP1 ubiquitination, whereas mutation of RIP1 necroptosis-associated ubiquitination site (K115R) dampens RIP1 kinase activity during necro-ptotic signaling. Given that only kinase-capable RIP1 protein associates with the necrosome 30, 31 and that necroptotic RIP1 ubiquitination occurs in the necrosome, it is not surprising that RIP1 kinase activity has such deterministic role for necroptotic RIP1 ubiquitination. On the other hand, the influence of necroptotic RIP1 ubiquitination on RIP1 kinase activity is more enigmatic. Mutation of K115 to R should not perturb overall conformation of RIP1 and it does not deprive RIP1 of its inherent kinase activity. Nevertheless, K115R RIP1 mutant shows greatly decreased kinase activity and inability to accumulate and stabilize within the necrosome complex, which, consequently, leads to diminished ability to mediate necroptotic cell death. We hypothesize that RIP1 ubiquitination stabilizes RIP1 within the necrosome, thus enhancing its kinase activity. Structural studies of ubiquitinated RIP1 in complex with RIP3 and caspase-8 are likely needed to provide full molecular details of these signaling events.
Our proteomic profiling of ubiquitination events during necroptosis has revealed that necroptosis signaling indeed promotes a pathway-specific profile of ubiquitination, with RIP1 being the most prominent target. However, there are a number of additional proteins whose ubiquitination status changes during necroptosis signaling, and thus we believe that future studies will expose functional relevance of those modifications and enhance the complexity and understanding of necroptotic pathways. Finally, necroptotic RIP1 ubiquitination takes place in vivo as well, as we observed intense RIP1 ubiquitination in damaged kidneys. Although it is not yet clear how IRI of kidneys leads to the activation of RIP1-mediated necroptosis, RIP1 kinase activity has an instrumental role in this process as an RIP1 kinase inhibitor or kinase-inactive RIP1 efficiently block IRI-induced kidney damage. 32, 33 Given that RIP1 ubiquitination takes place in highly damaged kidneys, it is possible to envision that RIP1 ubiquitination might serve as an additional biomarker for this pathology. In summary, this study reveals coordinated and interdependent RIP1 phosphorylation and ubiquitination within the necroptotic complex that regulates necroptotic signaling, tissue damage and cell death. TAATGCTGAGGAAGAAGTACCGG-3′. HT29 RIP1 stably reconstituted cells were produced by retrovirus transduction of Myc-RIP1 constructs and selected in 1.5 μg/ ml puromycin. Cells were grown and maintained in 50 : 50 F12/DMEM medium supplemented with 10% fetal bovine serum, penicillin, streptomycin and 2 mM glutamine at 5% CO 2 . WT and RIP1 −/− , RIP1-KD-KI, RIP3 −/− and MLKL −/− MEFs 21 were cultured in DMEM medium supplemented with 10% heat-inactivated serum, penicillin, streptomycin, 2 mM glutamine and non-essential amino acids at 5% CO 2 . RIP1 −/− MEFs immortalized with E1A were stably reconstituted with RIP1 by retrovirus transduction of Flag-RIP1 constructs and selected in 1 μg/ml puromycin. Primary MEFs were cultured in DMEM medium supplemented with 10% heatinactivated serum, penicillin, streptomycin, 2 mM glutamine and β-mercaptoethanol at 5% CO 2 in 0.1% gelatin-precoated plates. Primary bone marrow-derived macrophages (BMDMs) were obtained from mouse rear leg's bone marrow and differentiated to macrophages for 1 week with M-CSF. BMDM medium was supplemented with 10 mM HEPES and 25 ng/ml M-CSF.
Viability assays. Cell viability was assessed using Cell TiterGlo (Promega) following the manufacturer's specifications.
Western blot analysis and immunoprecipitation. Western blot analyses and immunoprecipitations were performed with the following lysis buffer: 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, San Jose, CA, USA). Cells were lysed on ice for 30 min and centrifuged at 14 000 r.p.m. for 10 min at 4°C. General immunoprecipitations and ubiquitin chain-specific immunoprecipitations were performed as described recently. 26, 39 Gel filtration. HT29 cells were treated with 20 ng/ml TNF, 2 μM BV6 and 20 μM zVAD for the indicated times. Cells were lysed in the same buffer as for western blot analyses and lysates were separated on a Superose 6 10/300 GL column (GE Healthcare, Little Chalfont, UK). Fractions of 1 ml were collected and precipitated with deoxycholic acid and trichloroacetic acid. The resulting pellets were washed with acetone and resuspended in 2x LDS sample buffer (Novex, Waltham, MA, USA). Fractions and 50 μg total cell lysate were separated on 4-12% Bis-Tris gels (Bio-Rad, Hercules, CA, USA) and probed with the indicated antibodies. Molecular weight markers (Sigma-Aldrich, St. Louis, MO, USA) were run before the samples for column calibration.
K-GG immunoaffinity enrichment and mass spectrometry analysis. Immunoaffinity enrichment of K-GG (Lys-Gly-Gly) peptides and LiME (linear mixed-effects) analysis were carried out as described previously. 40 Immunoaffinity enrichment of K-GG peptides was carried out using PTMscan reagents and protocols (Cell Signaling Technology). Cells were lysed under denaturing conditions (9 M urea and 20 mM HEPES, pH 8.0). Protein amount was quantified using the Bradford assay. From each sample, 40 mg of lysate proteins were reduced with dithiothreitol (DTT) and alkylated with iodoacetemide. Clarified lysates were then diluted to a final concentration of 2 M urea and digested overnight at 37°C with trypsin. Digested peptides were desalted using SepPak C18 cartridges (Waters, Milford, MA, USA) and then lyophilized for 448 h. Dry peptides were reconstituted in IAP buffer and incubated with anti-K-GG-coupled resin for 2 h at 4°C. Resins were washed two times with IAP buffer and four times with water before elution in 0.15% TFA (trifluoroacetic acid) (two times for 10 min each). Enriched peptides were prepared for MS analysis using standard protocol for C18 STAGE tips, 41 PSMs were filtered to a peptide false discovery rate (FDR) of 5% using a linear discriminant analysis on a per-run basis. In aggregate, the data were filtered to a 2% protein FDR. Site localization scores were determined for confidently identified K-GG peptides using a modified version of the AScore algorithm. 44 Quantification of peak areas corresponding to K-GG-modified peptides was performed using the VistaGrande XQuant algorithm. 45, 46 XQuant results were filtered to a confidence score of 83 or greater and exported for further processing and graphical analysis using mixed-effect modeling. Area under the curve (AUC) peak areas were of median intensity and normalized on the run-to-run basis. A mixed-effect model was fit to the AUC for each protein on a per-experiment basis, with 'Treatment' set as a categorical fixed effect and 'Peptide' fit as a random effect using the 'nlme' package (version 3.1-118).
In vitro kinase assay. HTRF assay: The kinase activity was assessed using HTRF KinEASE Substrate 3 (Cisbio Bioassays, Bedford, MA, USA) for 3 h at 30°C following manufacturer's specifications. Briefly, 200 ng of RIP1 kinase domain were incubated in Buffer 1x (in which DTT, MnCl 2 and MgCl 2 were added) with 2 μM of substrate, 250 μM ATP, 125 nM streptavidin-XL665 and substrate Eu 3+ -Cryptate antibody.
ADP-Glo (Promega) assay was used according to the manufacturer's specifications.
Recombinant proteins. Recombinant RIP1-EGFP-Flag proteins were transiently expressed in Sf9 cells using Mirus TransIT reagent (Madison, WI, USA) for insect cell transfection. Cells were harvested 3 days after transfection and lysed in 50 mM Tris (pH 8), 300 mM NaCl, 10% glycerol, 0.002% Brij-35, 1 mM DTT and protease inhibitor tablets. Cells were lysed by sonication and RIP1 was purified via the C-terminal Flag-tag on Flag resin. Protein purity was assessed by mass spectrometry, which did not identify any protein other than RIP1.
His-tagged human RIP1 kinase domain proteins were produced in Sf9 insect cells by baculovirus transduction. Cells were lysed with 50 mM Tris (pH 8.0), 300 mM NaCl, 20 mM imidazole, 1 mM tris-2 carboxy ethylphosphine (TCEP) and protease inhibitor cocktail (Roche, Indianapolis, IN, USA). His-RIP1 kinase domain was purified using Ni-NTA resin with buffer A: 20 mM Tris (pH 8.0), 300 mM NaCl, 20 mM imidazole and 0.5 mM TCEP. Proteins were eluted from Ni-NTA column by buffer A +250 mM imidazole. The eluted proteins were purified by FPLC on a Superdex 200 column using: 20 mM Tris (pH 7.5), 150 mM NaCl, 5% glycerol and 0.5 mM TCEP. The selected fractions were pooled and concentrated.
Thermal stability. One microgram of baculovirus produced human RIP1 kinase domain; WT, K115R and KD were incubated with Sypro Orange (Sigma) diluted in protein buffer 1/2000, in a final reaction volume of 20 μl. The sample was submitted to a heat ramp from 25°C to 95°C in a PCR Real Time machine (Thermofisher, Waltham, MA, USA).
ELISA. The presence of HMGB1 protein in the supernatant of treated cells was assessed using HMGB1 ELISA (LifeSpan Biosciences, Seattle, WA, USA) following the manufacturer's specifications.
Kidney IRI. Kidney IRI was performed as described previously. 32 Briefly, both left and right renal pedicles of male mice aged 9-11 weeks were clamped for 30 min under anesthesia. Following the wound closure, mice received 0.5 ml sterile saline intraperitoneally and were allowed to recover. All animal protocols were approved by the Genentech animal care and use committee.
Real-time quantitative PCR and siRNAs. RNA was isolated from cells with the RNeasy Mini Kit (Qiagen) following standard protocols. An on-column DNase treatment was included. cDNA was generated from each RNA sample using a Taqman Gene Expression Cells to Ct Kit (Life Technologies, Waltham, MA, USA). Gene expression assay for interleukin-8 (IL-8) (Hs00174103_m1) and GAPDH (Hs03929097_g1) were from Life Technologies. IL-8 levels were normalized against GAPDH gene expression. The sequences of siRNA oligos targeting human RIP3 are: 5′-GGAATGCCTACCAAAAACTTT-3′ and 5′-GGCCACAGGGTTGGTATAATT-3′, and for human MLKL: 5′-TGAGTTACCAGGAAGTTTGTT-3′.
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